The damage index is a crucial controlling parameter for rock mass strength and deformation in civil, geological and mining engineering projects. In this study, a new method was proposed for computing the damage index of a rock mass based on the field point load strength. This method provides a strength ratio whose numerator is the point load strength (PLS) of splitting along the pre-existing joint and whose denominator is the PLS of intact rock failure. To validate this method, the authors derived a relationship between the damage index and the integrality coefficient using an empirical relation. Moreover, numerous experimental tests were conducted, including P-wave testing and on-site point load testing. Finally, linear regression analysis was performed to analyse the correlation between the new damage index D R and the integrality coefficient K V . This study demonstrates that the presented new method is sensitive to both plasticity and damage in estimating the damage degree of rock masses in underground excavation and tunnel engineering.
Introduction
Natural rock mass differs from most other engineering materials, because it is anisotropic and contains discontinuities, such as joint bedding planes, folds, sheared zones and faults, resulting in an internal structure that produces different degrees of damage and destructuration. Moreover, excavation disturbance leads to further damage, resulting in great difficulties in estimating the physical and mechanical properties of a rock mass. Many Table 1 . Empirical studies. s c is the unconfined compressive strength of intact rock, s cm unconfined compressive strength of rock mass, RMR is rock mass rating, GSI geological strength index, D factor indicating the degree of disturbance due to blast damage and stress relaxation. author empirical relation
Aydan & Dalgic [8] s cm s c ¼ RMR RMR þ 6ð100 À RMRÞ Yudhbir & Prinzl [9] s cm s c ¼ e 7 :65ðRMRÀ100Þ 100
Laubscher [10] and Singh et al. [11] s cm s c ¼ RMR À rating for s c 106
Ramamurthy et al. [12] and Ramamurthy [13] s cm s c ¼ e Hoek et al. [16] s cm s c ¼ e the parameters available for describing rock mass properties. However, the method for determining these indices is relatively complicated and tedious, and some indices are only qualitatively estimated based on experience. Thus, in this paper, a new method is proposed for determining the rock mass damage index based on field point load test results. Field point load tests are preferred because they have strong applicability, as they are flexible in simple testing. Hence, this paper focuses on the determination of the field point load strength ratio and its utilization for evaluating the engineering properties (mainly damage index and integrality coefficient) of rock masses. This new damage index is a point load strength ratio whose numerator is the point load strength (PLS) of splitting along the pre-existing joint and whose denominator is the PLS of the failure of intact rock. One of the critical objectives is to find samples of splitting along a pre-existing joint in terms of significant joint properties of a failure surface. Next, a series of theoretical derivations of the relationship between the field point load strength ratio and the integrality coefficient are presented and briefly discussed. Finally, a new method for calculating the damage index is proposed to determine the damage index of a rock mass. The index can be used for estimating the elastic modulus and unconfined compressive strength of rock masses. To validate this method, various experimental designs and analyses are provided in § §3-5; the discussion and conclusion are presented in § §6 and 7, respectively. This paper outlines the key aspects involved in determining the field point load strength ratio and provides useful information for effectively calculating the integrality coefficient or damage index of rock masses.
Field point load strength
The point load strength test has been regarded as an inexpensive and effective testing method for the estimation of the strength of rocks because of its ease of testing, simplicity of specimen preparation and potential field applications [32] [33] [34] [35] . The test has been referred to as an indirect method for assessing the tensile or compressive strength of rocks [36] . Some researchers have attempted to establish empirical relations between the uniaxial compressive strength (UTS)/Brazilian tensile strength (BTS) and the point load strength in applying the point load test to various rock types [32, 33, 37] . In this study, point load strength tests were performed on irregular rock blocks using a digital point load test system according to the guidelines of the ASTM [38] . The study site was the Huize lead and zinc mine, straddling the provinces of YunNan and GuiZhou in southwest China, as shown in figure 1 .
Four types of samples of dolomite and limestone were adopted in this test; these four samples originate from different stratigraphic locations, as shown in figure 2. Study area is composed of the northeast to southwest fold and fault, forming the anticline. The sampling location is located between the Qi-lin Chang fault and the Yin-chang Po fault. All samples belong to Palaeozoic strata. The four types of rock are referred to as C 1d , C 1b , C 2w and P 1qþm . C 1d , C 1b and C 2w belong to the Carboniferous system. P 1qþm belongs to the Permian system. C 1d is dark-grey and grey cryptocrystalline limestone. C 1b is a shallow, pale and flesh-pink coarse-grain dolomite. C 2w is lightgrey to dark-grey limestone and dolomitic limestone. P 1qþm is dark-grey to light-grey, thin-mouth to cryptocrystalline limestone and dolomitic limestone. The physical and mechanical parameters of all rock samples employed are presented in table 2, where V p is the P-wave velocity of each rock sample.
The point load tester used in this study consisted of a small hydraulic pump, a hydraulic jack, a pressure gauge and an interchangeable testing frame with a very high transverse stiffness. Panek et al. [39] elaborate the detailed process of point load test. In this paper, the details of the technique of field test are carried out as shown in figure 3 . The thickness of the irregular rock blocks ranged from 30 to 70 mm, and their lengths were less than 150 mm, as shown in figure 3 . All of the point load tests were performed on irregular rock blocks from four different types of sedimentary rock. Each irregular rock block was slowly loaded until failure. According to the failure mode, the measured results could be divided into two failure types based on visual inspection alone: intact rock failure in which no apparent joint phenomenon could be observed on the failure surface of the samples, and splitting along a pre-existing joint. When it was not clear whether a joint occurred on a sample failure surface, the sample was excluded. Thus, a total of 193 irregular block samples were obtained. The raw data of all specimens are presented in table 3, where L, W, H are the maximum length, width and height of the irregular samples before testing, respectively; P is the maximum load applied during loading; W f is the effective width of the fracture surface; and H D is the distance between the loading points; the letter 'I' represents samples exhibiting intact rock failure; and the letter 'J' represents samples exhibiting splitting along a pre-existing joint.
royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181591 Irregular rock blocks must be corrected to the standard equivalent diameter (D e ) of 50 mm. Size correction can be performed graphically and mathematically, as suggested by ASTM [38] procedures. The point load index PLS is determined by the following equations:
where P is the failure load and D e is the equivalent diameter of irregular blocks; H D and W f are of the maximum length and average width of the failure surface in millimetres, respectively (figure 3). As shown in In previous studies, samples with splitting along a pre-existing joint were excluded from the set of tested samples [37, 40] . In this study, the results of all point load tests were recorded clearly. Based on all of the test results collected, a new conclusion is drawn. The sum of the ratio PLS sm =PLS s and the integrality coefficient K V is approximately equal to 1, where PLS sm is the PLS of rock samples with splitting along a pre-existing joint, PLS s is the PLS of samples with intact rock failure and K V is the integrality coefficient. The integrality coefficient of a rock mass is determined as suggested by GB50218-94 [41] in China and is expressed as follows:
where V P is the P-wave velocity of intact rock and V 0 p is the P-wave velocity of a rock mass. The new damage index D R can be defined as the ratio of the value for splitting along a pre-existing joint I sm to the value for intact rock failure PLS s (this sentence explains equation (2.4)). The new damage index D R is expressed as follows:
where PLS sm is the PLS of rock samples with splitting along a pre-existing joint, PLS s is the PLS of samples with intact rock failure. The field point load strength ratio is presented in table 5. These results show that the integrality coefficient K V is approximately equal to the difference 1 À D R , and the deviation between K V and the difference 1 À D R is also listed in table 5. To verify this conclusion, a theoretical derivation is conducted in §3 and the rock mass joint statistics of the study area and the field experimental tests are derived in §4.
Theoretical derivation of integrity and damage index 3.1. Damage index and elastic modulus
Because a rock mass is a complex and heterogeneous material, its damage level cannot be directly measured by current methods. In other words, it is difficult to measure the damage area of damaged rock. However, the strength of damaged rock can be accurately measured in a mechanics laboratory or by in situ tests. In this respect, a new method for calculating the damage index of a rock mass is proposed via in situ point load strength testing, as formulated in equation (2.4) .
According to Lemaitre [42] , the definition of the damage variable D is different from the new damage index D R in equation (2.4) . It is assumed that the newly defined D R is reasonable and it can replace the damage variable D of Lemaitre's [42] definition. Like that, the newly defined D R is tried to derive a series of theoretical relationships. Finally, the assumption is verified by field point load strength test. royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181591 Table 3 . The test parameters of point load strength. L, W, H are the maximum length, width and height of failure surface, the letter 'I' represents samples exhibiting intact rock failure; and the letter 'J' represents samples exhibiting splitting along a preexisting joint, P is the maximum load applied during loading; W f is the effective width of the fracture surface; and H D is the distance between the loading points.
no.
size (mm) Based on the stress-strain relationship of intact rock under uniaxial compressive testing, the elastic strain 1 r of intact rock is represented as follows:
where s c and E are the uniaxial compressive strength (UCS) and the elastic modulus of the intact rock, respectively. According to Lemaitre [42] , the relationship between the elastic modulus E of intact rock and the elastic modulus E m of a rock mass can be expressed as follows:
2Þ
Based on the equivalent stress proposed by Lemaitre [42] , it is assumed that the deformation of a rock mass can be represented by the equivalent stress. The elastic strain 1 m of a rock mass can be expressed as follows:
where E m is the elastic modulus of the rock mass, then
Damage index and integrality coefficient
A rock mass is composed of statistically distributed joints/fracture and intact rock blocks. Hence, intact rock can be regarded as a homogeneous material, and a rock mass or damaged rock can be regarded as a heterogeneous material. Based on the theory of elastic waves, it is well known that the P-wave velocity V p in homogeneous material (intact rock) is expressed as follows:
where V p , E 0 r , m and r are the P-wave velocity, dynamic modulus of elasticity, Poisson's ratio and density of the intact rock, respectively. The P-wave velocity V 0 p in heterogeneous material (rock mass or damaged rock) is expressed as follows:
where V 0 p , E 0 m , m 0 and r 0 are the P-wave velocity, dynamic modulus of elasticity, Poisson's ratio and density of the joint rock mass or damaged rock mass, respectively.
Palmstrom & Singh [43] proposed that the ratio of the static modulus of elasticity to the dynamic modulus of elasticity of intact rock is equal to that of a damaged rock or rock mass. The function is expressed as follows:
ð3:7Þ
In combination, equations (3.2) and (3.7) can be expressed as follows: 
ð3:11Þ Equation (3.11) can also be expressed as follows:
where K V is the integrality coefficient of the rock mass, as indicated in equation (2.3).
The results show that the integrality coefficient is equal to 1 and the damage index is 0 in intact rock. When the rock is absolutely destroyed, the integrality coefficient is 0, and the damage index is 1. In practical engineering, a rock mass is variably damaged under the effects of complex geologic and engineering activities; thus, practically no absolute intact rock occurs in nature.
Experimental scheme and results
To verify the new discovery discussed in §2 and the theoretical derivation presented in §3, experiments were performed and are detailed in this section; these include a field point load test and a P-wave velocity test.
Point load test results
To verify the results presented in table 5, 15 testing sites were prepared for measuring the field point load strength and P-wave velocity in each lithology of the strata. When the in situ point load test samples were collected, some blocks of irregular joints were also gathered deliberately. A total of 30 samples per test site were prepared to conduct point load strength tests; the test method is discussed in §2. The measured results were recorded clearly for the average values of PLS for intact rock failure and splitting along a pre-existing joint, as listed in table 6, where the letter 'I' represents samples with intact rock failure, the letter 'J' represents samples with splitting along a pre-existing joint, n is the number of effective trials performed at each testing site and N is the total number of samples at each testing site.
P-wave velocity test results
Ultrasonic methods are non-destructive and relatively easy to use, both in the field and in the laboratory. The P-wave velocity has been used to characterize rock masses by many researchers [44 -49] . In this study, the P-wave velocity of rock masses and that of intact rock were measured to calculate the integrality coefficient of the rock masses. The P-wave velocity of the rock masses was determined in the field, while that of intact rock was performed in the laboratory.
The P-wave velocity of the rock masses was measured by a single-borehole testing method using an RSM-SY5(T) intelligent engineering instrument. The single-borehole P-wave velocity testing method is illustrated in figure 4 .
As shown in figure 4 , a launching transducer and two receiving transducers are placed in the borehole, with pure water used as the coupling medium. A P-wave is launched from transducer R and received by transducers R1 and R2. The P-wave propagates into the rock mass, through the water and along the wall of the borehole. The P-wave arrives at receiving transducer R1 at time t 1 and at receiving transducer R2 at time t 2 . Therefore, the P-wave velocity between R1 and R2 (shown in figure 4 ) can be calculated as
where V 0 p is the P-wave velocity of the rock mass and DL is the P-wave propagation distance between receiving transducers R1 and R2. The P-wave velocity of each rock mass was measured five times for each measuring point. The mean P-wave velocities are listed in table 7, where N 1 represents the number of times each sample was tested. The P-wave velocity of each rock mass was found to occupy a very broad range (2598.4024580. 27 Figure 4 . Single-borehole method for measuring P-wave velocity. The P-wave velocity of intact rock was measured using the ADLINK acoustic emission test system, which is made in the USA, as shown in figure 5 . The formula for determining the P-wave velocity is as follows:
where D is the centre distance between the launching transducer and receiving transducer, t p is the propagation time of the P-wave velocity in a rock sample, and t 0 is the zero delay of the instrument system. The mean P-wave velocities of different types of intact rock (C 1d , C 1b , C 2w and P 1qþm ) were determined to be 5344 m s 
The analysis of damage index
Determining how to quantify the degree of damage undergone by rock materials that are damaged but not destroyed has been the focus of many studies. As is well known, the strength and P-wave velocity of damaged rock are less than those of intact rock. In this regard, a new method for calculating the damage index D R was proposed based on the field point load strength test, as expressed in equation (2.4) . The damage index D R can also be expressed in terms of the integrality coefficient K V , as shown in equation (3.11) . The integrality coefficient K V can be defined by the P-wave velocity, as shown in equation (2.3). To verify the accuracy and validity of the new damage index D R , the point load strength and P-wave velocity were measured in the field. The results are listed in table 8. All deviations are less than 10%, except for the one deviation of 11.87%. Moreover, the theoretical correlation between D R and K V satisfies the linear relationship established by equation (3.12) . Thus, linear regression analysis was used to determine the relationship between D R and K V , with the confidence limits set to 95%. The purpose of linear regression analysis is to validate the accuracy between a theoretical correlation (in this case, the correlation between D R and K V ) and test results. The linear regression equation takes the form y ¼ a þ bx, where b is the regression coefficient. The parameter a is a constant representing the value of y when the independent variable x is zero. The cross-correlations of the new damage index D R and the integrality coefficient K V for linear regression are shown graphically in figures 6-9. The black solid line is the theoretical line between D R and K V according to equation (3.12) , the fitting line is the red solid line, and the confidence intervals are indicated by the blue dotted line.
All of the results demonstrate a reasonable linear relationship with a high coefficient of determination. The correlation coefficients R 2 of rock masses C 1d , C 1b , C 2w and P 1qþm are 0.98, 0.98, 0.97 and 0.99, respectively. Moreover, when the fitting straight line is close and parallel to the theoretical line, the damage index computed using the current method is in good agreement with the damage index computed based on the P-wave velocity. Overall, the results indicate that the current method is effective and can be used to calculate the elastic modulus and unconfined compressive strength of rock masses.
Discussion
Two failure modes, intact rock failure and splitting along a pre-existing joint, were observed in the field point load strength experiment. The new damage index D R is defined as a point load strength ratio whose numerator is the strength of splitting along a pre-existing joint and whose denominator is the strength of intact rock failure. The strength ratio is very similar to the damage index of rock masses. Hence, in situ tests were designed to verify the newly developed index D R , including an acoustic emission test, a P-wave test and a field point load strength test.
Theoretical derivations indicate that it is feasible to use the point load strength to define the damage index of a rock mass. The theoretical results obtained in this study show that the ratio between the point load strength of splitting along a pre-existing joint and that of intact rock failure is correlated with the integrity coefficient. Typically, the integrity coefficient of a rock mass decreases with increasing joint density, as occurs in the formation of micro-cracks or macroscopic fractures. Hence, the degree of damage sustained by a rock mass must be assessed in the study area. This study considered the point load strength of rock masses undergoing splitting along a pre-existing joint or intact rock failure. However, the degree to which joints developed in the samples and the direction along which they did so could not be accurately measured. We assumed that the splitting of a sample along a pre-existing royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 181591 joint always occurs along the weakest surface. Thus, the newly developed D R is determined solely by the failure property of field point load strength.
Conclusion
Based on the statistical results obtained from field point load strength tests, two different failure types were discovered. The specific relationship between the field point load strength ratio D R and the integrity coefficient K V of rock masses was determined in this study. To this end, theoretical derivations ( §3) and a series of tests ( §4) were conducted. Finally, a new method for calculating the damage index in terms of the field point load strength was proposed. Compared with current methods for determining the integrality coefficient, which is the ratio between the P-wave velocity measured in the laboratory and that measured in the field, this new method provides an easier and faster way of estimating the integrality coefficient or the damage index of rock masses. Moreover, the method can be used to estimate the elastic modulus and unconfined compressive strength of rock masses. Therefore, the technique has broad application prospects in underground geotechnical engineering. In conclusion, this new method for calculating the damage index should be further tested and verified by conducting more empirical strength tests, such as those measuring uniaxial compressive strength, uniaxial tensile strength and triaxial compressive strength.
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